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ABSTRACT 

We report the discovery of quiescent emission from molecular hydrogen gas located in the circum- 
stellar disks of six pre-main sequence stars, including two weak-line TTS, and one Herbig AeBe star, 
in the Chamaeleon I star forming region. For two of these stars, we also place upper limits on the 
2^1 5(1)/! 5(1) Hne ratios of ~ 0.4 and 0.5. Of the 11 pre-main sequence sources now known 
to be sources of quiescent near-infrared hydrogen emission, four possess transitional disks, which sug- 
gests that detectable levels of H2 emission and the presence of inner disk holes are correlated. These 
H2 detections demonstrate that these inner holes are not completely devoid of gas, in agreement with 
the presence of observable accretion signatures for all four of these stars and the recent detections 
of [Ne 11] emission from three of them. The overlap in [Ne li] and H2 detections hints at a possible 
correlation between these two features and suggests a shared excitation mechanism of high energy 
photons. Our models, combined with the kinematic information from the Ha lines, locate the bulk of 
the emitting gas at a few tens of AU from the stars. We also find a correlation between H2 detections 
and those targets which possess the largest Ha equivalent widths, suggesting a link between accretion 
activity and quiescent H2 emission. We conclude that quiescent H2 emission from relatively hot gas 
within the disks of TTS is most likely related to on-going accretion activity, the production of UV 
photons and/or X-rays, and the evolutionary status of the dust grain populations in the inner disks. 

Subject headings: infrared: stars — solar system: formation — stars: pre-main sequence — stars: 
individual (CS Cha, HD 97408, Sz 33, CV Cha, CM Aur, Glass I) — stars: proto- 
planetary disks — ISM: molecules 



1. INTRODUCTION 

The reservoirs of gas and dust found orbiting most sun- 
like stars with ages on the order of a million years — also 
known as T Tauri stars (TTS) — are now subjects of in- 
tense study, as they likely hold the secrets to the forma- 
tion history of the solar system and other planetary sys- 
tems. The evolution of the observable characteristics of 
these planet forming disks and the underlying phenom- 
ena responsible for their detectability may provide the 
necessary insight to further our understanding of planet 
forming processes and to determine the likelihood of the 
formation of planetary systems around sun-like stars. 

The existence of circumstellar disks accompanying 
young low mass stars previously has been inferred by the 
presence of detectable emission from trace constituents 
of these disks (i.e., dust and gaseous molecules other 
than H2). The earliest attempts to determine the frac- 
tion of stars that possess disks in young star form- 
ing clusters focused on their near-infrared continuum 
rom et aLllT989,) and submillimeter continuum emis- 
sion (|^M7^bIitaD [IMi; [Seck^itEiE^ Cir- 
cumstellar disks possessing warm (T ~ 1000 K) micron- 
sized dust grains within ^ 1 AU of the pre-main sequence 
stars produce near-infrared emission in excess of that 
predicted for the stellar photosphere, while circumstellar 
disks possessing cold, micron-sized dust grains at radii 
of several tens of AU produce excess radiation at mid- 
infrared and submillimeter wavelengths. From surveys 
such as these, astronomers have determined the lifetime 
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of warm dust gra i ns in the inner di s ks to be 3-6 Myr 
(iLa da et all l2000t iHaisch et al] l2000l . l2001h . Similarly, 
observations of cold (T ^ 10-100 K) gas molecules (e.g., 
CO, HCN+, etc) from the outer regions of the disks 
(jBeckwith fc Sargentl[l993t IZuckerman et al.lll995f ) tend 
to support the disk lifetime estimates drawn from near- 
infrared surveys. 

More recently, new disk fraction and lifetime sur- 
veys of TTS in nearby star forming regions have been 
conducted utilizing the Infrared Array Camera (IRAC) 
and Multiband Imaging Photometer (MIPS) aboard the 
Spitzer Space Telescope. These instruments are capa- 
ble of detecting emission from dust grains (T ^ 100- 
300 K) located at intermediate disk radii, a region of 
these disks to wh ich the prev i ous p hotometric surveys 
were insensitive. ICieza et al.l (|2007( ) took a census of 
230 sources identified as weak-line TTS - weakly or 
non-accreting TTS possessing either a passive, optically 
thin disk or no circumstellar material - in the Lupus, 
Ophiuchus, and Perseus molecular clouds. They find a 
higher disk frequency for the sources located in the high- 
est extinction regions of the clouds, suggesting that the 
wTTS at the edges of the formation regions are slightly 
older and more evolved. Although they find ^ 20% 
of these possess some circumstellar material, ^ 50% 
of what appear to be the youngest stars in the sam- 
ple show no evidence of disks. These results, which 
are consistent with ot her Spitzer surveys of low mass 
star f orming regions (iFurlan et al.l [20061: iGee rs et al.l 
20061 iKessler-Silacci et al.l l2006t i Padgett et al. 20dl; 
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on the existence of detectable emission from cool dust 
grains, that disk lifetimes are less than ten million years, 
which roughly agrees with the conclusions about disk 
lifetimes drawn from near-infrared surveys. Given the 
chaotic environment near these young stars and the phe- 
nomena (i.e., accretion, photoevaporation, stellar and 
disk winds, close encounters with other cluster members) 
that conspire to destroy these disks, the lifetimes mea- 
sured from these surveys can be explained by disk dis- 
sipation models in cluding all or some of these processes 
()Hollenbach et al.|[200Ql . 

Despite the growing consensus that disk lifetimes are 
only a few million years that has been drawn from sev- 
eral different techniques for studying circumstellar disks, 
astronomers must remain cautious when inferring the 
presence or absence of disks based upon the detectabil- 
ity of disk tracers (i.e., dust and CO emission) because 
the majority of the disk mass is composed of molecu- 
lar hydrogen (H2). As these disks evolve according to 
the core accretion model of planet formation, the small 
micron-sized dust grains accumulate into larger bodies, 
which will change the wavelength dependence of the dust 
emissivities and the collective surface area of dust grains 
emitting at wavelengths in the near-infrared. Since a 
planetesimal must reach a mass of ~ 10 earth masses be- 
fore it can gravitationally collect H2 gas from the disk, 
the main component of the disk must persist, while plan- 
etesimals accrete into km-sized objects and disk tracers 
disappear, in order for gas giant planets to be the result 
of the core accretion scenario of planet formation. There- 
fore, in an accretionally-evolved system in which small 
dust grains have coagulated into larger planetesimals, an 
evolutionary stage should exist during which both the 
near-infrared and mid-infrared excesses will have dimin- 
ished substantially while the massive gaseous component 
remains present. 

In previous work. IWeintraub et all (|2000( ). iBarv et all 
(|2002h . and lBarv et all (|2003D searched a variety of TTS, 
predominantly wTTS, in the nearby Taurus- Auriga, p 
Ophiuchus, and TW Hya Association star forming re- 
gions for emission signatures from H2 persisting in such 
accretionally evolved circumstellar disks. Using various 
high-resolution, near-infrared spectrometers, narrow line 
emission centered at the w = 1 ^ 5(1) transition rest 
wavelength of 2.1218 /im was detected from several TTS 
stars; some were known to possess circumstellar disks 
(TW Hya, GG TauA, and LkCa 15), and one was previ- 
ously thought to be devoid of any circumstellar material 
(DoAr 21). The detection of quiescent emission from the 
disk of a wTTS with no other detectable disk tracers sug- 
gests that the gaseous component may indeed persist as 
the disk evolves. However, we estimate the mass of hot 
H2 gas producing the observed features in these sources 
to be in the range 10~^^-10~"'^° M©. For at least three 
of these four sources, a substantial reservoir of H2 gas 
exists in their disks suggesting that the near-infrared H2 
emission feature, is itself only a tracer of the disk gas. 
In the time since these detections were made, several 
other authors searching fo r the same emission signature 
also have detected H2 gas (lltoh et al.ll2003l : lTakami et al.l 
120041: iRamsav Howat fc Greaves! 120071 ). In two of the 
three additional sources toward which H2 was detected 
(LkHa 264 and ECHA J0843.3-7905), the emission hues 
were similarly centered at 2.1218 /im, with full-width at 



half of maximum (FWHM) only slightly larger than those 
reported for the previous four detections. In the case of 
DG Tau, iTakami et all (|2004D reported the detection of 
an H2 emission line blueshifted by 15 km s~^ and pos- 
sessing a FWHM of ~ 35 km s~^. The authors also 
show that the emitting gas is extended along the axis 
of a strong outflow previously observed from this source. 
Therefore, the emitting gas from this source is most likely 
associated with the outflowing gas distinguishing this de- 
tection from the others. In addition to thes e detections of 
rovibrational emission, ISheret et al.l (l2003D . lBitner et all 
(|2007| ) and iMartin-Zaidi et all (|2007h have detected H2 
emission from the mid-infrared pure rotational transi- 
tions from the Herbig AeBe stars, AB Aur and HD 97048, 
with a similarly quiescent kinematic signature. 

Here, we present five more detections of H2 near- 
infrared emission from both classical and weak- line TTS, 
an infrared companion (IRC), and a detection from a 
Herbig AeBe star in the Chamaeleon I star forming re- 
gion. In addition, we place an upper limit on emission 
from a second line of H2 at 2.2477 /im for two of these 
sources. We review the possible stimulation mechanisms 
with respect to recent X-ray and UV irradiated disk 
models. We find that two of our past detections and 
one of the present detections possess transitional disks 
— disks with large inner disk holes devoid of emission 
from small warm dust grains. Two of these transitional 
disk sources also possess detectable emission from a mid- 
infrared [Ne 11] emission line predicted to be a tracer of 
high energy photons and a signature of photoevapora- 
tion, a mechanism thought to be potentially responsible 
for the presence of the inner disk holes of the transitional 
disks. Kinematic information from the H2 emission fea- 
tures suggest that the emitting gas extends to within a 
few AU of each source, demonstrating for the sources 
with inner disk holes that gas remains despite the lack 
of dust emission. We estimate the location of the regions 
within the disks where potential excitation photons de- 
posit their energies and find agreement with the location 
of emitting gas determined from the velocity dispersion 
of the line. Finally, we relate the detection of quiescent 
H2 emission to accretion activity and, possibly, the evo- 
lutionary status of the dust grain population. 

2. OBSERVATIONS 

We obtained high spectral resolution (R ~ 60,000) 
near-infrared spectra of thirteen TTS (Table 1) in the 
Chamaeleon I star forming region on 2003 January 7-18 , 
UT, using the Phoenix spectrometer (|Hinkle et al.lll998l ) 
in queue-mode on the Gemini South 8-m telescope atop 
Cerro Pachon in Chile. Phoenix utilizes a 256 x 1024 
pixel section of a 1024 x 1024 pixel InSb Aladdin II de- 
tector. Most of our spectral observations were centered 
at 2.1218 jJLTn and were made using a 14" long, 0'.'17 
(2 pixel) wide slit, which result in nominal instrumen- 
tal spatial and velocity resolutions of 0'.'05 and ^ 5 km 
s~^, respectively. For the observations of the two faintest 
sources, Sz 33 and CHX 20E, and follow-up observations 
centered at 2.2477 /xm of CS Cha and HD 97048, we 
used the larger, 0'.'34 (4 pixel) wide slit, resulting in a 
velocity resolution of 6 km s~^. Spectra centered at 
2.1218 /im provided a spectral coverage from 2.1170 to 
2.1262 /im, while those centered at 2.2477 /im covered 
2.2426 to 2.2534 /im. The spectral region centered at 



Quiescent H2 Emission 



3 



TABLE 1 
Cha I Source List 



Source 


Class ^ 


Spectral 
Type*" 


Ha EW^ 

(A) 


Log Lx 
(ergs s"-*-) 


CS Cha 


cTTS 


K4 


-13.3, -20, -65 


30.0 


HD 97408 


AeBe 


B9.5 


-30.0 


29.0 


Sz 33 


cTTS 


MO 


-9.5 


28.9 


Glass la 


wTTS 


K4 


-4.0 


30.1 


Glass lb 


IRC 


G5 


-9.3 




CV Cha 


cTTS 


G8 


-60.5 


30.1 


Sz 41 


wTTS 


KO-Kl 


-2.7 


30.2 


LHo 332-17 


cTTS 


G2 


-17.2 


29.9 


CHX 20E 


wTTS 


K4.5 


0.0 


29.4 


Sz 30 


wTTS 


MO 


-5.2 


30.1 


HD 97300 


AeBe 


B9 





29.2 


CedllO IRS 2 


wTTS 


G2 


>-1.2 


30.7 


WW Cha 


cTTS 


K5 


-67.4 


29.8 



Av 



region. We define quiescent H2 emission as emission at 
low velocities relative to and centered on the stellar rest 
velocity. These detections nearly double the total num- 
rf)er of TTS known to have quiescent H2 emission at this 
wavelength. Full spectra of both the detections and non- 
detections obtained with Phoenix are presented in Fig- 

85 ^' 6ach source with detectable emission, with the 
]^'3Q exception of the binary system, Glass I, the emitting gas 
1.45 is determined to be within a single Gaussian-shaped spec- 
1-92 tral beam with a full-width of 1" placing the emission 
^ within ~ 80 AU of each of the sources (Cha I; D ~ 160 pc) 

1 lj . In the spectral images of Glass la and lb, and the sub- 
2.35 sequent spectral extractions of Glass I, we find that the 
0-31 emission from this source extends between the compo- 

1 18 • • 

-l^'g^nents of the binary, to the south of the primary, but not 
3^39 north of the secondary (see §5.5p . 

3.20 All spectra have been shifted to the local standard of 
-rest (LSR) velocity fr ame. Assuming a V lsr ~ 2 km s~^ 



^ Class of stars taken from FciKclson eialj 11993), IHamann fc Persson|for ^^le Cha I SOUrceS (jjames et al.ll2006f ). we find that in 

(|l992b|) , and ^atta et al. (2000)^" ^P"";*'^ types taken from ^ detected emission lines are centered at the 

lleigelson fc Krissl 1989), Gauvm & Strom (1993), IHamann fc Rerssonl , 1 r ii 1 r, r^/1^ i -i- -^1 • 

jl992al), and Hamann & Pcrsson (1992b).- Ha EWs from ^st wavelength of the W = 1 ^ S{1) transition Wlthm 

lAppcnzcUcr ct al. (1983), Fcigclson & Kriss ( I989t) , IGauvin fc Stroml the estimated measurement error (± 1 km s ). In most 
([T992), Walter (1992) , and iLuhmam (|2004i" l.'^ Log Lx values taken cases, we find that the telluric Correction was very effec- 
from Fcigelson ct al. ^11993|).'= Visual extinction values taken fromtive, removing a significant number of telluric features. 

The remaining absorption lines are expected to be asso- 



[Gauvin fc Strom (il99j). 



the wavelength for the v = 1^0 S{1) H2 transi- 
tion includes three bright telluric OH lines, at 2.11766, 
2.12325, and 2.12497 fim, while the spectra centered at 
the wavelength for the v ^ 2 ^ 1 S{1) transition con- 
tains two OH fines at 2.24599 and 2.25192 /im. These 
OH lines were used to provide an absolute wavelength 
calibration for each observation. 

Using integration times of 900 s for our program stars 
(Table 1), we obtained signal-to-noise ratios (SNR) in 
the continua for all sources of > 50, with the exception 
of the continuum for Sz 30, for which the SNR was lower. 
An integration time of 900 s also was used for the two 
observations of CS Cha and HD 97048, centered on the 
2.2477 /im H2 line. Our observing program included re- 
peated 120 s observations of telluric calibration sources 
- HR 3685 (A2IV), HR 5571 (B2IH), HR 4798 (B2V), 
HR 5231 (B2.5IV), and HR 1956 (B7IV) - possessing 
few, if any, photospheric features in this if— band por- 
tion of their spectra. Similar observations of HR 5231 
and HR 5762 (A2IV) centered at 2.2477 /xm used as 
telluric calibrators were made with shorter integrations 
times of 60 s and 40 s, respectively. Flat-field images 
were obtained using th e Gemini Facility Calib ration Unit 
Quartz Halogen lamp (jRamsav-Howat et al.l l2000). Ob- 
servations were made by nodding the telescope 5'.'0 along 
the slit, producing image pairs that were then subtracted 
to remove sky background and dark current. The spectra 
were extracted from 0'.'25 north to 0'.'25 south of the cen- 
tral row of pixels of the spectral beam, corresponding to 
the FWHM of the spectral beam. The target star spec- 
tra were then ratioed with one of the telluric calibration 
sources in order to remove telluric absorption features. 

3. RESULTS 

We have detected quiescent 2.1218 line emission 
from H2 from four additional TTS (CS Cha, Sz 33, 
CV Cha, and Glass la), one IRC (Glass lb, the secondary 
component to one of the TTS detections), and one Herbig 
AeBe star (HD 97048) in the Chamaeleon I star forming 



ciated with the stellar photospheres of the t arget stars. 
As wa s fou nd in previous dete ctions of H2 by lBarv et al.l 
(|2002D and iBarv et"al] (|2003[ ). the H2 features are re- 
solved at this resolution. The FWHM for these lines fall 
within the range of - 12 < V < 18 km s"^ for the five 
TTS and shghtly higher, - 20.4 km s'^ for the Herbig 
AeBe star. The H2 equivalent widths and extinction cor- 
rected line fiuxes are presented in Table 2 for the detec- 
tions and one 'possible' detection (WW Cha whose spec- 
trum is presented with the non-detections in Figure 1), 
along with the 3(T upper limits for the five sources that 
were clearly non-detections. The line fluxes were d ered- 
dened using Av values from lGauvin fc Stroml (|1992f ) and 
a standard Aa ^ ^Zilff extinction law adopted from 
iMartin fc Whittetl (Il99?)l ). 

In observations centered on the ?; = 2 ^ 1 5(1) rovi- 
brational transition of H2 at 2.2477 /im of two 2.1218 /im 
line emission sources, CS Cha and HD 97048, we did 
not detect line emission. The upper limits to the v — 
2 ^ 1 ^(l) line fluxes for CS Cha and HD 97048 are 
6.5 X 10~^^ and 4.4 x 10~^^ ergs cm~^ s~^, respectively. 

4. DISCUSSION 

The lack of bulk motion of emitting H2 gas along the 
line of sight and with respect to the systemic velocity of 
the stars is interpreted as evidence that the gas is not 
entrained in a fast moving wind or outflow associated 
with any of these young sources. Additionally, the lack 
of extended emission beyond the full-width of the spec- 
tral beam indicates that the emitting gas is conflned to 
regions within ~ 80 AU of the stars — with the excep- 
tion of binary Glass la and lb, in which the emission ex- 
tends between the companions. Therefore, we conclude 
that, in all cases except Glass I, the emitting H2 is qui- 
escent gas residing in the circumstellar disks associated 
with these sources, and is not shocked, spatially extended 
gas, as has been observed toward other Class I sources 
and TTS (e.g . T T a uri, DG Tau ; .Herbst et al.l ([1996.) . 
iTakami et aiT(|2004f ). iBeckl (|2007D ). The Glass I binary 
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TABLE 2 

Cha I H2 Detections and Non-Detections 



Source 



Line Flux'' 
(ergs cm~-^ s^^) 



Eq. Width 

(A) 



Detections 



CS Cha 
HD 97408 
Sz 33 
Glass la 
Glass lb 
CV Cha 



8.26 
6.27 
9.24 
8.58 
7.35 
6.79 



2.1±0.1xl0 
8.6±0.4xl0" 
6.9±0.3xl0- 
2.3±0.1xl0" 
6.7±0.3xl0- 
2.0±0.2xl0" 



-15 
-16 
-15 
-15 
-15 



0.10 
0.07 
0.08 
0.43 
0.05 
0.02 



edges of the Gaussian-shaped features, referred to as the 
half- width at zero intenisty (HWZI), to estimate the in- 
nermost radius at which the detected H2 gas resides. As- 
snming an inchnation angle of 45°, the main sequence 
_mass corresponding to the spectral type of each source, 
and estimating the maximum orbital velocity of gas from 

the HWZI, we calculated the inner radii for gas in the 

■disks of CS Cha and Sz 33 to be 2.5 and 0.9 AU, re- 



Possible Detection 



WW Cha 
JNon-Detections 



.13 



-3.7x10- 



0.02 



Sz 41 

LHo 332-17 
CHX 20E 
Sz 30 
HD97300 
CedllO IRS 2 



7.88 
6.26 
9.19 
8.55 
7.19 
6.43 



<1.3xl0 
<3.0xl0 
<3.9xl0 
<3.1xl0 
<1.9xl0 
<6.8xl0 



T3- 

-15 
-16 
-15 
-15 

-15 




spectively, while for the more massive stars, CV Cha 
12^7 and HD 97048, we find 3.2 and 5.5 AU. We note that 
12.1 these radii represent the innermost regions of the disks 
17.6 from which the emission arises and accounts for only a 
12.6 fra ction of the overall line emission. We conclude that 
-the bulk of the emitting gas resides outside of these disk 
«tdii. 

— The results we have found for the distances from the 



11.8 



stars at which the hot H2 emission i s gen erated is sim- 
ilar to that found by iBarv et ahl ()2003[ ). who found 
FWHM of 9-14 km s~^ for several K type stars, plac- 
ing tlie__bulk__of_tlie__emit^ at about 10 AU, 
bv lRamsav Howat fc Greaves! (|2007f ). who found a line 

- K-band magnitudes taken from lLawson et ill [1199^1 with the exceptio^l^th of ~ IS kms"^ for a single M3 Star (ECHAJ0843.3- 
of Glass la and lb found in lCheUi et al.l Mm .^ The uncertainties in tl7<905) and by Bitner et al.| (12003), who found a Ime Width 
lino fluxes were determined based upon the continuum noise levels and tlttf 8.5 km S for a single AeBe Star (AB Aur). In all of 



integrated line strengths. 



detections 



H2 non-detections 




2.120 2.122 

wavelength (fJ-m) 



wavelength (^nr 



Fig. 1. — In the left frame, we plot the spectra for sources 
containing H2 emission line features. The spectra have been telluric 
corrected and shifted into the Vlsr reference frame. We find that 
spectral features center on the rest wavelength of 2.1218 iim for 
the D = 1 — » •S'{1) transition of H2 in the stellar rest frame, 
to within errors for the accepted Vlsr of Cha I members. In 
the right frame, we plot the spectra of the non-detections. These 
spectra have also been telluric corrected and shifted in the Vlsr 
reference frame of the sources. We note the inclusion of the spectra 
of WW Cha with the non-detections, but list it as a 'possible' 
detection in Table 2 due to the presence of a 2.4a- feature similarly 
centered at 2.1218 /im. 



appears to be an exceptional source with its extended 
emission. 

The small, but resolved FWHM measured for the qui- 
escent emission features must be broadened by the Kep- 
lerian rotation of the gas as it orbits the central sources, 
since thermal broadening would req uire tempe r atures 
> 6 000 K. Using the s ame technique iCarr et al.l ()200lD 
and lNaiita et al.l ([2005) used to estimate the inner trun- 
cation radius of the gas disk using CO emission features, 
we used the velocity shift of H2 gas at the outermost 



these cases, the H2 gas emitting in rovibrational or pure 
rotational lines is not found close to the star (inside of 
1 AU) nor at great distances from the stars, suggesting 
that processes exciting this emission is most effective at 
intermediate distances of a few to a few tens of AU from 
these stars. 

Assuming that the emitting H2 gas is op t ically thin, 
we have used Equation 2 from iBarv et all ()2003[ ). the 
measured line fluxes (see Table 2), and a distance of 
160 pc to Chamaeleon I, to calculate the masses of 
'hot' H2 gas producing the line emission. We find that 
these masses fall within the range 10 "-'^-'^ — 10^-'^" Mq , 
in agreement with previous estim ates (jBarv et al.l 120031 : 
iRamsav Howat fc Greavesll2007[ ). On their own, these 
masses do little for informing us about the total mass of 
gas in the system or the total disk mass unless we un- 
derstand the physical conditions of the gas and/or the 
mechanism responsible for stimulating the emission. We 
will address this problem in both H4.1l and H4.3I 

4.1. t; = 2 ^ 1 S{l)/v = 1^0 S{1) 

The w = 2 ^ 1 S{l)/v ==1^0 5(1) ratio has of- 
ten been used to distinguish between two commonly ob- 
served mechanisms for stimulating H2 emission: shock 
heating and UV fluorescence. The value of this ra- 
tio for a parcel of shock heated H2 gas has been ob- 
served to be ~ 0.1, while a value of ~ 0.5 has been 
observed for UV fluorescen t H2 emission from low den- 
sity gas (nn^ 10'^ cm"'^) (iBlack fc van Dishoeck|[l987l : 
Gatlev et all 119871: iDinerstein et all 119881 ). However, 



Burton et al.l () 19*901 ) found UV fluorescent H2 emission 



from clumpy photodissociation regions with shock-like 
values for the 2— >1/1— »0 line ratio and rin > 10^ cm"^, 
suggesting that the value of 0.1 for the ratio is not 
unique for shock heated gas. In addition to these two 
processes, the response of H2 gas irradiated by X-rays 
has been studied by several groups who conclude X- 
rays are capable of stimulating H2 emission in a vari- 
ety of ast rophysical environrnents, hicluding circumstel- 
lar disks (jCredel fc Dalgarno|[T995l: iMalonev et 311119961 : 
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iTine et al]|1997f ) . Due to the coUisional nature of the X- 
ray ionization process for stimulating H2 emission, this 
mechanism also has been predicted to populate the ex- 
cited rovibrational states of the H2 molecules such that 
the w = 2 ^ 1 S{l)/v = 1^0 5(1) ratio also has a 
value of ~ 0.1. Therefore, given the apparent degener- 
acy of the line ratio, differentiating between these three 
mechanisms will also require the knowledge of the density 
a nd kinematics of the e mitting gas. 

iNomura et al.l (|2007^ present a detailed disk model 
that incorporates irradiation of the disk by X-rays and 
UV photons associated with the central source and in- 
cludes dust grain growth and setting towards the mid- 
plane. Using this disk model, iNomura et al.l (j2007f ) cal- 
culate the level populations of H2 in the model disk for 
a range of dust grain sizes and predict values for the 
w = 2 1 S{l)/v = 1^0 5(1) H2 line ratio for three 
stimulation scenarios: a) X-ray and UV, b) only UV, and 
c) only X-ray. The values iNomura etldl ()2007t l calculate 
for the line ratios differ significantly from the nominal 
values mentioned abov e and depend on size s of the dust 
grains (see Figure 17 of lNomura et all (|2007D V They also 
find that as the dust grains grow and the grain opac- 
ity decreases, UV pumping should become the dominant 
stimulation mechanism ove r X-ray ionization. Accord- 
ing to the findings of Nomu ra et al.l (2007), an accurate 
measurement of the line ratio will determine the mecha- 
nism responsible for stimulating the H2 emission as well 
as indicate the evolutionary status of the dust grain pop- 
ulation. 

The upper limits of the 2.2477 fim line observations 
mentioned in SjSlcan be used to determine an upper limit 
on the 2^1/1-^0 line ratio for CS Cha and HD 97048. 
Unfortunately, with upper limits for the ratio of 0.4 and 
0.5 for CS Cha and HD 97048, respectively, these ob- 
servations lac k the sensit ivit y in b oth cases to test the 
predictions of lNomura et all (j2007[ ) and do not rule out 
the 'only UV (scenario b) case. 

Simultaneous observations of both lines made with a 
large aperture telescope and high resolution spectrom- 
eter (R > 60,000) will be ideal for accurately measur- 
ing this line ratio. The simultaneity of these observa- 
tions are important if the H2 emission is variable, as 
non-simultaneous observations would then likely produce 
inaccurate measurements of the line ratio. Indeed, the 
H2 emission is likely to be variable if the X-ray and UV 
fluxes, both known to be produced by highly variable 
phenomena in these young systems, are responsible for 
stimulating the H2 molecules. 

4.2. Transitional Disks 

In the infrared, the shapes of the spectral energy dis- 
tributions (SEDs) of cTTS systems are described as 'flat' 
due to emission from circumstellar dust grains in ex- 
cess of the Rayleigh- Jeans tail of the blackbody curve 
observed for the stellar photospheres of main sequence 
stars. However, infrared photometric surveys of many 
TTS in nearby star forming regions, similar to those 
discussed in iJU also identified dips in the 1-10 ^m re- 
gions of the ot herwise flat SEDs associ ated with some 
of their targets dStronL eLal- 1989; Skruts kie et 1111119901 : 
iGauvin fc Stroml ll992\ These findings suggest that the 
small warm dust grains responsible for the short wave- 
length infrared excesses in most cTTS disks are not 



present within the disks of these systems, while the cooler 
dust grains responsible for the longer wavelength excess 
persist in these disks. Therefore, the observed dips in 
the SEDs of TTS have been interpreted as evidence of 
holes or clearings in the innermost regions of these disks. 
These holes may arise due to the coagulation of small 
dust grains into planetesimals or the presence of a mas- 
sive planet t hat dynamically clear e d the inner regions 
of the disks (jSkrutskie et al.lll990t iNaiita et all 12007). 
Additionally, disk photoevaporation models, in which 
disk material is heated and 'boiled' away by highly en- 
ergetic X-ray and UV photons, also have been offered 
as a phenomena responsible for the clearing of the in- 
ner holes in these transitional disks ( Clarke et al.l l2001l : 
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For a few such transitional disk sources with inner 
holes extending out to several tens of AUs, such as 
GM Aur and CS Cha, tiny amounts of small dust grains, 
^ 0.02 and 5 x 10~^ lunar masses, r espectively, located 
within ~1 AU, have been detected (ICalvet et al.ll2005t 
lEspaillat et al. I [20071 ). Somewhat surprisingly, several of 
these transitional disks possess well-known accretion sig- 
natures (i.e., J7— band excess, strong H i recombination 
lines, etc.) suggesting that gas must remain within the 
disks and the inner holes, despite the lack of detectable 
dust emission. Chiang & Murray-Clay (2007) show that 
the accretion activity in these sources may be driven by 
coronal X-rays activating the magneto-rotational insta- 
bility in the gas residing at the dust disk rim and residing 
within the inner disk hole. 

4.2.1. H2 Emission from Transitional Disks 

All sources toward which we have searched for H2 
emission (Weintraub et al. 2000; Bary et al. 2002, 2003i) 
known to possess transitional disks have been found to 
produce detectable levels of quiescent H2 emission at 
2.1218 fim including TW Hya, Lk Ca 15, CS Cha, and 
GM Aur (jWeintraub et all "^QOB}); Bary et al. 2008, 
in prep). In each case, kinematic information from 
the emission lines, assuming a similar velocity disper- 
sion as found for the other H2 detections and for the 
unresolved feature mea sured for the disk of TW Hya^ 
(jWeintraub et al.l l200 0h . places H2 gas within the opti- 
cally thin inner dis k hole for each of these three sources. 
iRettig et all ()2004[ ) detected v = 1 rovibrational CO 
emission from the disk of TW Hya, but did no t detect 
the w = 2 ^ 1 CO band. iRettig et al] (|2004f) suggest 
that the absence of 'hot' CO gas indicates that the inner 
0.5 AU of the disk has been cleared. A rotational temper- 
ature of ~ 430 K leads these authors to conclude that the 
CO emission they detected in this system arises in warm 
gas occupying a very narrow annulus in the disk r anging 
between 0.5 and 1 AU. More recentlv. ISalvk et all (|20071 ) 
detected warm CO emission from the disks of TW Hya 
and GM Aur, further confirming the presence of molec- 
ular gas in the inner regions of these transitional disks. 
Several of the other six sources detected in H2 are clas- 
sified as borderline c/wTTS or wTTS, including Sz 33 

^ The detection of H2 emission from TW Hya is reported as 
an unresolved detection in CSHELL spectra taken at the IRTF. 
The FWHM of the spectral feature was incorrectly quoted as 
< 6 km or the la width. The FWHM of the unresolved line 
is actually measured to have a value of ~ 13.5 km s~^, the instru- 
mental resolution of the instrument. 
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and DoAr 21 (|Barv et al.ll2002l ). which also makes them 
viable transitional disk candidates. Given that we es- 
timate the innermost radius for the location of the gas 
producing the H2 emission in these sources to be near 
~ 1 AU, we conclude that these inner disk holes are not 
completely devoid of gas, in agreement with the detection 
and measurement of accretion activity in several sources 
possessing transitional disks. 

We must consider whether this apparent correlation 
of H2 emission with the presence of transitional disks 
could be the result of observational bias. Specifically, 
is H2 emission easier to detect toward transitional disk 
sources because their near-infrared continuum flux levels 
are lower and thus do not overwhelm the H2 line emis- 
sion? If all cTTS generate some amount of quiescent H2 
emission, but sources with flat spectra and a resulting 
higher near-infrared continuum flux make detection of 
these narrow and weak spectral features more difficult, 
then the brightest i^T-band sources should be among the 
hardest toward which to detect quiescent H2 emission. 
HD 97048, Glass lb, and CV Cha, aU of which are de- 
tected in H2 emission, however, are among the bright- 
est if -band sources in our sample. Therefore, we sug- 
gest that sources possessing transitional disks are pref- 
erentially detected in H2 line emission because of physi- 
cal conditions and phenomena intrinsic to these objects, 
rather than observational selection. 

As discussed in HA.ll grain sizes have a notable effect 
on the cross-sections for UV and X-ray photons; conse- 
quently, as disks evolve and dust grains grow larger, the 
locations in a disk to which t he photons penetrate and 
deposit their energies change (|Nomura "etaI]l2007D . As 
a result, the TTS that are sources of quiescent H2 emis- 
sion may be those that have disks that permit photons to 
penetrate to regions where the densities permit successful 
stimulation of H2 emission. These disks would preferen- 
tially be those with optically thin inner regions and op- 
tically thick outer regions, i.e., transitional disk sources. 
For sources that are both X-ray and UV sources, a real 
dependence of the stimulation of quiescent H2 emission 
on the size distribution of the dust grain population ar- 
gues for UV fluorescence as the dominant stimulation 
mechanism, as UV cross-sections are much more depen- 
dent on the sizes of the dust grains. 

4.3. The H2 Emitting Region 

In this section, we address the question of the loca- 
tion of the emitting II2 gas stimulated by X-rays and/or 
UV photons, in the context of a transitional disk. We 
predict the regions of such disks in which the competing 
stimulation mechanisms will be most effective by finding 
areas of the disk bounded by optical depth surfaces as- 
sociated with energetic photons. We then compare these 
regions with those determined from the kinematics of the 
emission features. 

4.3.1. UV & X-ray Optical Depth Surfaces 

Previous spectroscopic data ()Barv et al.l I2003D and 
those presented in this paper suggest that the emitting 
gas extends from > 1 AU out to intermediate disk radii 
of 10-30 AU, with the bulk of the emitting gas resid- 
ing at intermediate disk radii. We seek to determine if 
any agreement may exist between these empirically de- 
termined radii for the gas emission and those likely to 



be associated with emitting gas produced via the UV 

fluorescence and X-ray stimulation mec hanisms. 

Uti lizing a standard TTS disk model ([G lassgold et al.l 
I1997D . II2 cross-sections found in lYan et a l. (1998), and 
ignoring the contribution of dust and other trace gas 
components, to first order, we estimate where the UV 
photons and X-rays are absorbed and are likely to stim- 
ulate H2 molecules in an atypical TTS disk devoid of 
small dust grains by calculating a range of optical depth 
surfaces for X-rays and UV photons with different en- 
ergies impinging upon a disk with varying angles of in- 
cidence. The physical depth into the disk that each of 
these photons penetrates is determined by 

jj (^^) ''dr, (1) 

where r is the optical depth, v inner is the radius at which 
the photons enter the disk, r^ is the penetration depth of 
the photon for the given optical depth, rp = 1 AU, q is the 
power-law index (here taken to have a value of 2.75), and 
is the opacity of the H2 for photons with frequency 
i^.The photons are assumed to enter the disk at 0.35 AU 
from the star, the innermost radius for which the model 
applies. After calculating the penetration depths (r,-) for 
a range of energies and optical depths, plots of the op- 
tical depth surfaces were constructed (Figures 2 & 3) to 
illustrate the most likely regions of the disks in which the 
photons would be absorbed. The plots consi s t of d ensity 
contours derived from the Glassgol d et al.l (|1997l ) disk 
model overlaid with the optical depth surfaces. The thin 
black lines represent density contours derived from the 
disk model, while the bold black lines represent the op- 
tical depth surfaces. In Figure 2, we outline the surface 
corresponding to the uppermost boundary of penetration 
by either UV photons or X-rays (i.e., the r = 1.0 surface 
for a UV photon with energy 15.4 eV, corresponding to 
a wavelength of ~ 805 A). This is the lowest energy for 
which the cross-section of an H2 molecule c an be deter- 
mined using the models of ' Yan et al.l ()1998[ ). and comes 
closest to matching the photon energies used in the UV 
fluorescence models of Black and van Dishoeck (1987). 

In Figure 3, two optical depth surfaces are plotted with 
the upper bold contour representing for r = 0.2 for UV 
photons with the same energy as in Figure 2 and the sec- 
ond contour at lower disk elevation representing r = 1.0 
for X-ray photons with an energy of 1 keV. Given the 
greater penetration depths associated with the X-rays, 
the T — I optical depth surface acts as the lower bound- 
ary for the penetration depth of the high energy pho- 
tons. As illustrated by the plot, some of the X-rays 
are capable of penetrating into regions of the disk in 
which the densities exceed the critical density, pc (where 
Pc = 10^^^ g cm^"^ or 3 X 10^ II2 cm^"^; 4th model curve 
from the midplane) for the formation of the 2.1218 /im 
emission feature. Although some TTS are observed to 
produce X-rays with energies as high as 10 keV, we do 
not include them on this plot since they would penetrate 
to even greater depths and densities far exceeding pc- 
We interpret the region lying between these two surfaces 
and above the critical density contour as location in the 
disk where the photons are most likely to deposit their 
energies and where the H2 emission is most likely to orig- 
inate. Using the constraints placed upon the location of 
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the emitting region by the spectral information, we de- 
duce that the bulk of the emission comes from a region 
located 10-30 AU from the star and 5-15 AU above the 
disk midplane. 



Disk Density Contours; with g ^5.4 eV UV Op-.icul Depth Sjrfgi;;^ 




R(AU) 

Fig. 2. — An optical depth surface (t = 1) for UV photons 
with an energy of 15.4 eV is plotted from 0.35 to ~ 45 AU in bold 
black contours. The optical depth surface is overlaid atop density 
contours (thin contours) generated using the disk model of Glass- 
gold et al. (2000). The density contour nearest the disk midplane 
represents a density of p = 10"^'^ g cm~^. With increasing eleva- 
tion above the disk midplane, the values of the density contours 
decrease logarithmically, ending with p = 10~^® g cm~^. The opti- 
cal depth surface roughly corresponds to the distance into the disk 
that photons with a wavelength of 805 A could penetrate. 



Disk [:crsity C''rV.'ur. Vvith a L!V/X-ray Optical Dcp-.h Surfacos 
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Fig. 3.— The t = 0.2 optical depth surface for 15.4 eV UV 
photons is plotted from 0.35 to ~ 45 AU as a bold black line 
atop the disk density contours. The second bold black contour 
at lower disk elevation represents the t = 1 optical depth surface 
for 1 keV X-rays. The fourth curve from the midplane corresponds 
to 10-16 g cm-3 or 3 X lO'' H2 cm ^ which is the critical density 
for the -u = 1 — > 5(1) transition of H2. It appears that most of 
the X-rays will penetrate to densities riHj > 10" g cm" 3. 



These calculations of optical depth surfaces demon- 
strate that the UV and X-ray photons most likely will 
deposit their energies in the upper levels of the disks at 
intermediate distances from the sources and confirm our 



earlier conclusions about the most likely location of the 
majority of the H2 emission. 

Having located the most likely region for the emitting 
H2 gas, we next determine how much of the disk mass 
resides in the regions confined by the optical depth sur- 
faces. By in tegrating the density p rofile of the disk model 
provided in lGlassgold et al.1 ()200ClD . 

/•i-outcr (-air rz^pp„ / J. \ -q 

Mdisk = / / Po{ — ] e^rdrd^dz. 

(2) 

where Tanner ^nd foMter and ziQ^gj. and zipper the 
limits of integration for the radial and vertical extents 
of the portion of the disk to be considered, po is the 
density of the disk at a radius of 1 AU and is equal to 
1.4 X IQ-^ g cm"'^, and H is the vertical scale height pa- 
rameter given by Ho(r/ro)^'^^, where Hq = 5 x 10"'^"'^ cm 
and ro = 1 AU, we determine the mass of H2 contained 
in the relevant regions outlined by the optical depth sur- 
faces. Using Equation 2 and setting the inner {r inner) 
and outer {router) radial limits to 10 and 30 AU, respec- 
tively, and approximating the vertical limits, zi^wer and 
Zupperj from the optical depth plots to be 5 and 10 AU, 
respectively, we find a mass of 2.8 x 10~^ M©. This 
mass is more than enough to account for the observed 
emission. For comparison, only 5.8 x 10^^ Mq lies in 
an upper region extending from 10 < z < 15 AU^. Since 
neither stimulation mechanism is 100% efficient, a mass 
larger than that contained in the horizontal layer from 
10 to 15 AU should be expected to reside in the region 
of the disk where the emission originates. Therefore, the 
mass determined for the region 5 to 15 AU above the 
disk midplane suggests that the emitting gas likely ex- 
tends downward, towards the midplane of the disk, with 
a minimum vertical height on the order of 5 AU at radii 
extending from a few to a few tens of AU for X-ray/UV 
stimulated H2 emission in an accretionally-evolved disk 
associated with a TTS. 

In our calculations of the optical surfaces for UV and 
X-ray photons, we have assumed that the gaseous com- 
ponent of the disk has been unaffected by the 'disappear- 
ance' of the micron-sized dust particles. If the gaseous 
component of the disk were to become more tenuous as 
the disk evolves, the resultant density structure would al- 
low X-rays and UV photons to penetrate to even greater 
depths into the disk than suggested by the optical depth 
surfaces shown in Figures 2-6 and the critical density con- 
tour would move closer to the disk midplane and closer 
to the star. In this case, which is similar to that expected 
for a transitional disk, the emission could arise from gas 
in regions of the disk located much closer to the midplane 
and closer to the star, and from gas at even larger disk 
radii. 

However, in the case of an evacuated inner disk, but 
a dust-filled outer disk, the opacities will increase in re- 
gions of the disk still populated by dust grains. Con- 
sequently, the shapes of the optical depth surfaces will 
change from those we have calculated. We note that 

^ Masses determined for the gas in the region of the midplane 
(0 AU) to 5 AU can be found in Table 3, but are not included in this 
discussion because the majority of this mass lies below the critical 
density contour, where no emission from the v = 1 ~* 5(1) can 
be produced. 
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TABLE 3 
Masses in H2 Source Regions 



Thinner outer 


Slower ^"Zupper 


H2 Mass 


(AU) 


(AU) 


(Mo) 


10^30 




6.4x10-3 


10^30 


5^10 


2.8x10-5 


10^30 


10^15 


5.8x10-^ 



the extent of these inner holes is observed to vary from 
source to source and that these holes have observed sizes 
ranging from a few AU to ~ 40 AU, suggesting slightly 
different conditions for determining the location of the 
emitting gas for individual sources. 

Although the optical depth surfaces calculated in this 
section provide insight into the location of the emitting 
gas from an accretionally evolved disk, a calculation of 
th ese same surfaces emp loying the irradiated disk models 
of iNomura et al.l (|2007( ) and transitional disks, including 
a variety of cross-sections that incorporate the evolution 
of the size of dust grains will improve upon this investi- 
gation and make them applicable to a broad variety of 
accretionally-evolved circumstellar disks. 

4.4. H2 & [Ne 11] 
Th e r esults of sev er al inv est igations faerczeg et al.l 



20071: iLahuis et all [20071: 



Pascucci et al 



lEspaill at et al.l 

I2006t iBarv et al. ' 20Q8[ ) have 



120071 : 
found 



four sources possessing [Ne li] at 12.81 ^m. that also 
possess transitional disks. Of the four transitional 
sources possessing [Ne 11] emission, three (TW Hya, 
CS Cha, and GM Aur) also possess quiescent H2 
emission, while the fourth (DM Tan) has not yet been 
observed as part of any H2 survey. The strong overlap 
between the transitional disk sources possessing both 
[Ne 11] and H2 emission suggests a correlation exists 
between these two emission features and may be related 
to the nature of the transitional disks. In fact, because 
of the high i nitial ionization potent ial of 20.6 eV for [Ne 
11] emission ()Glassgold et al.l l2007t ) , this Hne probably 
traces the same high energy photons we theorize are 
responsible for stimulating the quiescent H2 emission in 
the near-infrared. Furthermore, the FWHM measured 
for both the [Ne 11] and H2 in TW Hya suggest that the 
emission from these two features arises at similar radii 
in the circumstellar disks. 

5. INDIVIDUAL SOURCES 
5.1. CS Cha 

CS Cha was classified bv iHartigad (|1993f l as a cTTS, 
based on a measured Ha EW of 65 A, though Ap- 
penzeller et al. (1983; 13.3 A) and Luhman (2004; 
20 A) found smaller values. The observed variabil- 
ity of Ha for CS Cha was previously su s pecte d by 
Henize fc M cndoza' (|1973f ). iGauvin fc StromI (|l992f ) and 
Persi et al.i (2000), using IRAS and ISOCAM, respec- 
tively, found that CS Cha has little or no near-infrared 
excess but substantial mid- to far-infrared excesses. The 
magnitude and variability of the Ha EW measurements 
for CS Cha strongly suggest that this source is still ac- 
tively accreting with a variable accretion rate — in sup- 
port of this conclusion, lEspaillat et al.l (|2007f ) estimated 



a mass accretion rate of 1.2 x 10~^ M(7) yr^-^ for CS Cha 
from the [/-band excess, while iJohns-Krull et al.) (|2000l ) 
estimated it be 1.6 x 10""^ Mq yr"^ — despite contin- 
uum measurements that the disk possesses an optically 
thin inner region. 

Using Spi tzer IRS spectra and M IPS photometry at 24 
and 70 /zm, lEspaillat et Id] (|2007D modeled the SED for 
CS Cha and found a best-fit model that includes an inner 
hole with a radius of ~ 43 AU, with a small amount of 
hot dust grains located between 0.1 and 1.0 AU. Based on 
the Espaillat disk model, the variable Ha measurements, 
the [/-band excess, the strong [Ne 11] emission, and our 
detection of H2 emission from the CS Cha disk, we sug- 
gest that CS Cha is an X-ray bright, actively accreting 
TTS possessing a transitional disk with a large optically 
thin inner hole, containing little dust and a significant 
amount of gas. The dust grain population is likely domi- 
nated by large grains, hence the low near-infrared excess, 
while the gas contributes substantially to the variable ac- 
cretion rate. 

5.2. CVCha 

LH a 332-21 is a binary cTTS (jReipurth fc Zinnecked 
II993D , composed of CV Cha and CW Cha, having a large 
separation of 11'.' 7 (jChez et al.lll997D . We observed only 
CV Cha, the primary component, and have detected H2 
emission from this source. CV Cha has an Ha EW of 
60.5 A (|G auvin fc StromI [l99^ and exhibits weak con- 
tinuum veiling in high resol ution optical spectra ob tained 
with UVES on the VLT (jStempels fc Piskunovl l20031 . 
Extended UV emissio n has been det e cted i n lUE observa- 
tions of this source bvlBrooks et al.l (I2OOII). W ith a spec- 
tral type of G8V (|Rxdgren"1980';'Takami et al."2003') and 
a Log Lx of 30.1 ergs s'^ (Fcigclson ct al. 1993), CV Cha 
is one of most massive sources in our survey and one of 
the strongest X-ray emitters in the Chamaeleon I star 
forming region. This source is not known to possess a 
transitional disk and, due to a large Ha EW and the 
presence of the aforementioned continuum veiling, ap- 
pears to be an actively accreting source. It appears that 
this source possesses the necessary attributes, in that it 
is a source of both UV and X-ray photons, to stimulate 
the observed quiescent H2 emission. 

5.3. Sz 33 

Sz 3 3 has been cl assifie d as both a 
wTTS (jFeigelson fc Kris^ Il989l ) and a cTTS 
(jFeigelson fc LawsonI I2004D with a value of 9.5 A 
for its Ha EW, placing it amongst the other transitional 
objects, "stradhng" the li ne between a cTTS an d wTTS 
(|Gauvin fc Stromlil992| ). iGomez fc Peraij (|2002f l present 



a low resolution (R 500) spectrum of Sz 33 that 
contains Pa/3 and Br7 emission features, indicating 
that this source is still actively accreting. Given the 
similarity of its ambiguous classification as a cTTS 
and/or a wTTS to other sources with detectable H2 
emission in our survey that possess optically thin inner 
disk regions, we suggest that the disk associated with 
Sz 33 also may be a transitional disk. 

5.4. HD 97048 

HD 97048 is classified as a B9.5V Herbig AeBe star, 
one of two Herbig AeBe stars that were observed as part 
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of this survey (HD 97300 was the other). Our detection of 
quiescent near-infrared H2 em ission and the detection o f 
pure rotational H2 emission bv lMartin-Zai'di et al.l ()2007f ) 
from this source places it in the company of AB Aur, an- 
other Herbig AeBe star, for which pure ro tational H2 
emission has been detected by iBitner et al.l |2007) . In- 
frared emission from this source is thought to originate 
from the surface layer of a passively heated disk. Ex- 
tended mid-infrared emission is dominated by a strong 
continuum produced by warm dust grains in the imme- 
diate vicinity of the star and solid state e mission bands 
from silicates and carbonaceous materials (|Meeus et al.l 
1200 It iNatta et al.l l200H iPrusti et al.lll994l ). The spec- 
trum ri ses rapidly longward of 2 . 2 /xm and peaks around 
60 /xm (jHillenbrand et al.l 119921 : Ivan Boekel et al.ll2004f) 
and is similar to the SEDs of TTS possessing transitional 
disks. An extended disk ranging from 360 to 720 AU was 
observed with the Advanced Camera for Surveys on the 
Hubble Space Telescope. Ca 11, Na I, and O I are all ob- 
served in absorption suggesting that the source is neither 
actively accreting nor generating a bipolar outflow. De- 
spite the absence of the accretion activity necessary for 
the production of UV photons in the low mass counter- 
parts, copious amounts of UV radiation intrinsic to the 
SED of an early-type star as well as its detection as an 
X-ray source demonstrate the presence of the underlying 
mechanisms for high energy photon production we be- 
lieve may be responsible for stimulating the H2 emission. 

5.5. Glass la & lb 

Glass la and lb form a close binary system with 
a separation of 2'.'4, or a minimum physical separa- 
tion of ^ 380 AU. The secondary component is classi- 
fied as an Infrared Companion (IRC) based upon the 
2.2 /im fl ux ratio (F2. 2 (optical prima ry)/F2.2(IR com - 
pani on')') (INatta et a l. 2000) of 0.32. [Hartiganl ()1993f ) 
and iNatta et al.1 (|200Q) independently have categorized 
Glass la/Ib as a wTTS with a measured Ha EW of 4 A. 
iLommen et al.l ()2007D did not detect 3.3 mm continuum 
emission from Glass I, suggesting that there are little 
to no mm-sized dust grains in the circumstellar and cir- 
cumbinary environment. 

The detection of H2 emission from Glass I is quite 
unique amongst our other detections since it represents 
the only source for which we have detected spatially re- 
solved emission. We have determined that all of the emis- 
sion whether centered on the primary, the secondary, or 
in the extended emission, is centered on the stellar rest 
velocity with a dispersion of only 1.5 km s~^, very near 
the estimated measurement error. Therefore, we find 
that the emitting II2 gas in the system displays a com- 
mon and systemic velocity. 

When near-infrared II2 emission is found to be spa- 
tially extended in the vicinity of a young star, the kine- 
matics of the glowing gas typically reveal that it is asso- 
ciated with shocks in an outflow. The lack of dispersion 
in the central velocities of the extended II2 emission fea- 
tures observed from the Glass la and lb binary system, 
however, argue against the outflow scenario and indicate 
that this gas is associated with circumstellar and cir- 
cumbinary disks in this binary system. Gas orbiting a 
2 M0 binary with a radius greater than 1700 AU will 
not produce a detectable velocity shift at this resolu- 
tion. We do find that the FWHM of the emission fea- 
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tures centered on both sources are slightly larger than 
those measured for the extended gas, with FWHM of 
12.6 and 17.6 km s^^ found for the primary and the 
secondary, respectively, and 10.3 and 9.1 km s~^ mea- 
sured for gas located O'.'S south the secondary and gas 
extending 0'.'45 to the south of the primary component, 
respectively. The difference in the FWHM measured for 
the components of the binary suggest that we are detect- 
ing emission from disks with different inclinations and/or 
central sources with different masses. For the extended 
gas, with its location likely to be in a circumbinary disk, 
little broadening of these lines will be contributed by the 
Keplerian motion. Assuming the standard thermal ex- 
citation temperatures for H2 of 2000 K, the FWHM of 
the line is expected to be ~ 7 km s~^, slightly smaller 
than the FWHM measured for the extended emission 
features. The measured FWHM correspond to unrea- 
sonably high temperatures greater than 3000 K, perhaps, 
suggesting the presence of some turbulent broadening in 
the extended gas emission. 

Although it is not currently possible to reconcile the 
broader than expected FWHM of the extended emission 
features with their origin in a circumbinary disk, it ap- 
pears we can rule out the association of this emission 
with outflow activity. Since we flnd a larger FWHM for 
the lines centered on the components of the binary, and 
the FWHM is similar to those detected for the other de- 
tections in this survey, we infer that these features are 
associated with the circumstellar disks of the individual 
components. 

5.6. X-rays vs. Ha EWs 

In Figure 7, we present a plot of Log Lx versus Ha EW 
for all published H2 detections and non-detections to de- 
termine if any correlation exists between these two pa- 
rameters and the presence or absence of detectable qui- 
escent H2 emission. If H2 emission is generated by X- 
rays produced in coronae and by accretion activity on 
the surfaces of these stars, we expect a clear correla- 
tion to exist between sources with detectable H2 emission 
and their X-ray luminosities. Figure 7, however, shows 
that sources with a variety of X-ray fluxes, including a 
few sources without detectable X-ray fluxes, are among 
those with observed quiescent H2 emission. Assuming 
that large intervening columns of circumstellar gas are 
not responsible for extinguishing the intrinsic X-ray lu- 
minosities of the apparently X-ray quiet sources, the lack 
of any correlation between H2 detections and the pres- 
ence and magnitude of a X-ray flux suggests that X-rays 
may not be responsible for stimulating the H2 emission. 
On the other hand, there appears to be some correlation 
between Ha EW strengths and H2 detections as all but 
a few sources in the region of the plot with Ha EWs 
greater than 10 A (the rough boundary between cTTS 
and wTTS), produce detectable levels of H2 emission. 
This correlation between Ha and H2 emission links ac- 
cretion activity with qu iescent H2 emi s sion a nd are sim- 
ilar to the flndings of .Carmona et all (j2007| ). Since ac- 
cretion activity in TTS is responsible for the production 
of the UV photons necessary to produce fluorescent H2 
emission, this correlation suggests that UV fluorescence 
is likely the dominant stimulation mechanism in some, if 
not all of the detections. 

We now turn our attention to the transitional disk ob- 
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jects in Figure 7 denoted by the large asterisks overlaid 
upon the filled circles. Each of these sources (LkCa 15, 
CS Cha, and TW Hya) has been shown to possess an 
inner disk hole that is either devoid of dust grains or pos- 
sesses an evolved population of large dust grains. In ad- 
dition to these three transitional disk sources, HD 97048 
has a similar infrared SED, as noted in i i5.41 suggesting 
that it too possesses a large inner disk hole. If we consider 
that the other wTTS, Sz 33 and DoAr 21, are likely tran- 
sitional disk objects, and, for the moment, ignore the bi- 
nary sources GG Tau and Glass I due to their complexity, 
only three of the Ha detections (CV Cha, ECHA JG843.3- 
7905, and LkHa 264) now appear as cTTS with non- 
transitional disks. However, the observations required 
to construct infrared SEDs do not currently exist in the 
literature. Future observations will be required to fur- 
ther test this correlation. Based upon the correlation we 
have found between transitional objects and quiescent H2 
emission, we conclude that objects detected in quiescent 
H2 emission and designated as cTTS also may harbor 
transitional disks and that stimulation mechanisms re- 
sponsible for producing the quiescent H2 emission are 
likely related to both accretion activity and the evolu- 
tionary status of dust grains within their inner disks. 

In addition to the possible impact of the evolutionary 
status of dust grains, the presence of UV and/or X-ray 
photons, and accretion activity on the production of qui- 
escent H2 emission, variability may also play a role in 
the detectability of these H2 emission signatures. As 
in the case of most optical and infrared emission lines 
observed from TTS, the H2 spectral features may fluc- 
tuate on similar timescales. We expect this variability 
to have a negative impact on our detection rate and may 
explain why some sources that share favorable character- 
istics with sources that are detections do not appear to 
produce detectable levels of H2 emission. Therefore, vari- 
ability may explain the lack of H2 detections for some of 
the borderline cTTS seen in Figure 7. In order to deter- 
mine if this is indeed the case, multi-epoch observations 
of some of the detections will be required to measure the 
magnitudes and timescales for any variability that may 
be associated with these sources. Simultaneous obser- 
vations of the 2.1218 ^m line as well as other accretion 
indicators also would be helpful in linking the emission 
with UV activity associated with accretion hot spots on 
the stars. 

6. CONCLUSIONS 

As part of a high resolution near-infrared spectroscopic 
survey for H2 emission from TTS in nearby star form- 
ing regions, we have made new detections of emission 
features centered on the 2.1218 fim v ^ 1 ^ S{1) 
transition of H2 in the spectra of two cTTS (CS Cha 
and CV Cha), two wTTS (Glass la and Sz 33), one IRC 
(Glass lb), and one Herbig AeBe star (HD 97048) lo- 
cated in the Chamaeleon I dark cloud. The detection of 
H2 we report toward HD 97048 is the first detection of 
near-infrared emission from quiescent H2 toward a Her- 
big AeBe star. In every case, the central velocity of 
the emitting gas is found to be coincident with the sys- 
temic velocity of the source. Assuming a circumstellar 
disk origin for these emission lines, an assumption well- 
supported by the central velocities of these lines falling 
at the rest velocities of the respective stars and by the 
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Fig. 4. — Log Lx versus Ha EW values for all sources with 
published observations of H2 emission. The detections are denoted 
with filled circles and non-detections with open circles. Objects 
with known transitional disks are denoted by an asterisk. The 
horizontal dashed line designates the canonical dividing line at 10 A 
separating cTTS (above) from wTTS (below). Arrows pointing to 
the left designate the sources which were non-detections in X-ray 
surveys. Detections are labeled with source names. 



narrow line widths, we used the HWZI and the FWHM 
velocities of these Gaussian-shaped emission features to 
estimate the innermost radii to which the gas extends 
and the radii at which the bulk of the emitting gas re- 
sides . We find that the innermost radii for all of the 
stars is on the order of ~ 1 AU. We further find that 
the radii about which the bulk of the emission is cen- 
tered is on the order of ~ 10 AU. For the binary source 
(Glass I), H2 emission extends between both components 
and to the south of the primary. Although the extended 
emission suggests that the gas could be entrained in an 
outflow, the lack of a detectable velocity gradient along 
the would-be axis of the outflow makes this an unlikely 
scenario. However, a circumbinary disk origin for the ex- 
tended emission is also difficult to reconcile with the large 
FWHM of the emission lines measured for the extended 
emission. 

The initial goals for this survey was to determine if 
wTTS lacking detectable emission from standard disk 
tracers still harbor protoplanetary disks capable of or 
in the process of forming planetary systems. Our survey 
revealed two such stars, making a total of three, including 
DoAr 21 discovered by us in a previous survey. 

The range of H2 line fluxes 
(6.9x10-16 < F2.12 < 8.6x10-15 ergs cm'^ s'^) 
and masses (10^1° < < 10^^^ Mq) measured for 

the Chamaeleon I sources with detected H2 line emission 
were found to agree with all previous detections of 
quiescent H2 emission. These trace amounts of gas 
do not directly inform us about the total disk masses 
harbored by these systems, though almost certainly the 
mass of H2 detected directly through line emission at 
2.1218 /zm represents only a small fraction of the total 
mass in these disks. Our disk models suggest that the 
total disk masses could be 10^ to 10^ times greater than 
the mass measured directly in this single emission line. 

Assuming that shock excitation is not the most likely 
mechanism for stimulating narrow line emission from H2 
gas which is not Doppler shifted from the systemic veloc- 
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ity of the source, we suggest that UV fluorescence and/or 
X-rays are the most hkely stimulation mechanisms re- 
sponsible for the observed H2 emission. We calculated 
optical depth surfaces for UV photons and X-rays pen- 
etrating a disk composed entirely of H2 to determine 
where in a core-accretionally evolved disk these photons 
deposit their energy and possibly generate H2 emission. 
These models confirm that the radiation is most likely 
to be absorbed by gas in the upper atmospheres of these 
disks at intermediate radii and show that these stimula- 
tion mechanisms require significantly dense and massive 
columns of gas to produce the observed emission fea- 
tures at radii coincident with the those determined from 
the kinematic information. Many improvements may be 
made to these calculations by including opacities associ- 
ated with large dust grains, other gaseous species, or a 
disk model that better approximates an irradiated transi- 
tional disk. However, the results from these calculations 
suggest that a gas-rich inner disk is necessary to produce 
quiescent H2 emission via UV photons and X-rays, and 
that the stimulated gas resides at high disk altitudes and 
intermediate disk radii. 

All four sources in our survey to-date known to possess 
transitional disks with optically thin inner disk holes are 
also H2 detections. These detections place gas within the 
inner disk holes similar to the resolved and unresolved de- 
tections of [Ne 11] emission lines from the sources. The 
presence of gas in the inner disk holes confirms the pres- 
ence of gas within these gaps necessary to explain the 
accretion activity observed for these sources. The corre- 
lation between sources possessing quiescent H2 emission 
and [Ne 11] suggests a shared stimulation mechanism for 
both of these lines, a relationship to the photoevapo- 
ration process, and a distinct stage in the evolution of 
these circumstellar disks. We also find that most sources 
in our survey with Ha EWs sufficient to classify them as 
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cTTS have detectable H2 emission. The only exception 
is WW Cha, which may also be a detection, though we 
have cautiously classified it as a 'possible' detection, sine 
the H2 emission towards this source, if real, is only at 
the 2.4(7 level. The apparent relationship between Ha 
emission and accretion activity suggests that the quies- 
cent H2 emission may likewise be correl ated with accre- 
tion i n agreement with the findings of ICarmona et al.l 
()2007t l. This is not entirely surprising given that the 
UV photons necessary for stimulating H2 emission are 
likely generated by accretion hot spots on the surfaces 
of the stars. In fact, this is strong evidence that UV 
fluorescence undoubtedly contributes to the observed H2 
emission. Given the dependence of the UV penetration 
depths o n the sizes of the dus t grains in the disk, illus- 
trated bv lNomura et al.l ()2007l ). and the overlap between 
H2 detections and sources possessing transitional disks, 
we suggest that the evolutionary stage of the dust grain 
population in the inner regions of these disks is also cor- 
related with the production of quiescent H2 emission. 
Based upon these findings, we propose that Sz 33 and 
DoAr 21, both H2 sources that are borderline c/wTTS, 
likely harbor transitional disks. 
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